Background. Severe malaria is characterized by microvascular obstruction, endothelial dysfunction, and reduced levels of L-arginine and nitric oxide (NO). L-Arginine infusion improves endothelial function in moderately severe malaria. Neither the longitudinal course of endothelial dysfunction nor factors associated with recovery have been characterized in severe malaria.
These processes are believed to result in microcirculatory obstruction, decreased oxygen delivery, tissue hypoxia, metabolic acidosis, hyperlactatemia, and organ damage.
Endothelial function is defined as the vasodilatory capacity of blood vessels in response to shear stress or pharmacological stimuli and is primarily dependent on endothelial cell production of nitric oxide (NO) [6] . Endothelial dysfunction has been described in a variety of illnesses, including cardiovascular [6] and sickle cell [7] disease. In these diseases, the common pathogenic mechanism is a reduction in vascular bioavailability of NO that results in impaired vasodilatory ability and endothelial activation with increased expression of endothelial receptors, such as intercellular adhesion molecule (ICAM)-1 [6] .
Severe falciparum malaria in children and adults is associated with impaired systemic and pulmonary NO production [8, 9] , reduced expression of type 2 (inducible) NO synthase (NOS) in mononuclear cells [8] and decreased plasma concentrations of L-arginine [9, 10] , the substrate for NOS. We have recently shown marked impairment of endothelial function in adults with severe malaria, compared with that in adults with moderately severe malaria and in healthy control subjects [9] . Endothelial dysfunction in malaria was associated with increases in blood lactate concentrations, plasma ICAM-1 concentrations, and measures of intravascular hemolysis, with increased levels of plasma arginase and cell-free hemoglobin potentially increasing L-arginine metabolism and NO quenching, respectively [9] . Taken together, these findings suggest that reduced vascular NO bioavailability may contribute to the pathogenesis of severe malaria by impairing endothelial function and vascular perfusion, in addition to increasing endothelial activation and sequestration of parasitized red blood cells.
Extracellular L-arginine concentrations affect intracellular NO production by endothelial NOS [11] . The estimates for the half-saturating concentration (K m ) of extracellular L-arginine for intracellular NO production (73-150 mol/L) [12, 13] approximate the range of normal plasma L-arginine concentrations but are higher than concentrations observed in human malaria. The findings of hypoargininemia in severe malaria and a dose-dependent improvement in endothelial function after L-arginine infusion in moderately severe malaria [9] suggest that plasma L-arginine concentrations may also affect endothelial NO production in severe malaria. However, to date no studies have examined the effects of adjunctive L-arginine on endothelial function in severe malaria.
It is unclear whether preexisting impairment of endothelial function and hypoargininemia make patients more susceptible to severe malaria or whether these processes are a consequence of severe disease. The natural history of endothelial function and its relationship with plasma L-arginine concentrations during the course of human malarial infection have not been reported but have implications for the required duration of potential adjunctive therapies to improve endothelial function. We hypothesized that endothelial function would return to normal after successful treatment of severe malaria and that the recovery would be associated with an increase in plasma L-arginine concentrations. We therefore undertook a prospective longitudinal study measuring endothelial function and L-arginine concentrations in adult patients with severe and moderately severe malaria in Papua, Indonesia, and investigating the clinical and biochemical factors influencing their course.
METHODS

Study design and site.
A prospective longitudinal study was conducted at Mitra Masyarakat Hospital, Timika, Papua, Indonesia, in an area with documented unstable transmission of malaria [14] .
Patients and sampling. The study enrolled patients 18 years old who were hospitalized with P. falciparum malaria and were included in a cross-sectional study of endothelial function described elsewhere [9] . Moderately severe malaria was defined as fever or history of fever in the past 48 h along with Ͼ1000 asexual P. falciparum parasites/L that required inpatient parenteral therapy because of an inability to tolerate oral therapy but that exhibited no World Health Organization (WHO) warning signs or criteria for severe malaria [15, 16] . Severe falciparum malaria was defined as the presence of P. falciparum parasitemia and at least 1 modified WHO criterion for severity [17] . Individuals with moderately severe malaria were treated with intravenous quinine, in accordance with national guidelines. Of the patients with severe malaria, 20 were initially randomized to either intravenous quinine or artesunate as part of a multicenter clinical trial [18] . After a national policy change, all patients with severe malaria subsequently received intravenous artesunate. Both groups also received doxycycline or clindamycin. All decisions for provision of supportive care, including antibiotic and fluid administration, were made by the treating physicians, who were independent of the study.
On enrollment, a standardized history was obtained from either the patient or attendant relatives, after which a clinical examination was performed, venous blood was collected, and endothelial function was measured. Each of these procedures was repeated daily until death, discharge from the hospital, or, for those patients still hospitalized after day 4, until the reactive hyperemia peripheral arterial tonometry (RH-PAT) index was above an a priori-defined cutoff indicating endothelial dysfunction (1.67) [19] on 2 consecutive days.
Parasitological and biochemical observations. Parasite counts were determined from microscopy of Giemsa-stained thick and thin blood films. Hemoglobin concentration, routine biochemistry values, acid-base parameters (including base deficit [20] ), and lactate were determined with a portable biochemical analyzer (i-STAT). Venous blood collected in lithium heparin was centrifuged within 30 min of collection, and plasma was stored at Ϫ70°C. Amino acids were extracted from 50 L of plasma after the addition of 50 L of internal standard (norleucine) and 200 L of cold ethanol. Deproteinized plasma was derivitized with AccQFluor reagent (Waters), and amino acids were measured by high-performance liquid chromatography (Shimadzu), using a method modified from van Wandelen and Cohen [21] and Strydom and Cohen [22] . Plasma concentrations of the endothelial activation markers, soluble ICAM-1 and E-selectin, were assayed by ELISA (R&D Systems). To quantify total parasite biomass, plasma histidine-rich protein 2 was measured by ELISA, as described elsewhere [23] . Plasma haptoglobin and lactate dehydrogenase (LDH) were quantified by ELISA and a calorimetric assay, respectively (both Roche Diagnostics). Plasma arginase activity was measured using a radiometric assay, as described elsewhere; findings and reported in micromoles per milliliter per hour [7] .
Endothelial function assessment. Endothelial function is defined by the ability of vessels to dilate in response to increased sheer stress or chemical agonists [6] , a response that is inversely related to endothelial activation [6] . Endothelial function was measured noninvasively on the basis of the change in pulse wave amplitude of the digits, determined using peripheral arterial tonometry (EndoPAT; Itamar), in response to reactive hyperemia (yielding an RH-PAT index [6, 24] ). Changes in the pulse wave amplitude reflect changes in digital blood flow, and a value of Ͻ1.67 represents an impaired response [9, 19] . Systemic effects on the pulse wave amplitude are accounted for by normalization to the control arm [24] . RH-PAT is at least 50% dependent on endothelial NO production [25] and correlates with the more labor-intensive flow-mediated dilation method [24] as well as with endothelial function in other vascular beds [26] . The internal validation and repeatability of RH-PAT in this population has been reported elsewhere [9] .
Statistical methods. Proportions and paired proportions were compared using 2 and McNemar 2 tests, respectively. Univariate and multivariate-linear mixed-effects methods were used to model the longitudinal changes of the RH-PAT index and L-arginine concentrations during the course of hospitalization (Stata software; version 9.2; StataCorp). The model evaluated longitudinal correlations of RH-PAT index with potential covariates, including pulse rate, temperature, blood pressure, Glasgow Coma Score, base excess, lactate concentration, peripheral parasitemia, and L-arginine concentration. These models allow for incomplete follow-up data and a variable number of late measurements, including those in patients who may die early in the study or refuse further examination. The Bonferroni correction was used to adjust for the multiple comparisons. Baseline predictors influencing the longitudinal course of the RH-PAT index and plasma L-arginine concentrations were identified by linear regression analysis.
Ethics. Ethical approval was obtained from the health research ethics committees of the National Institute of Health Research and Development, Indonesia, and Menzies School of Health Research, Australia. Written informed consent was obtained from patients or relatives.
RESULTS
Patients.
In total, 99 hospitalized patients were included in the study, 51 with severe and 48 with moderately severe malaria. Restlessness precluded measurement of baseline RH-PAT index in 2 patients with severe malaria, who were subsequently excluded from the analysis. Baseline clinical and laboratory characteristics of the remaining 97 patients are summarized in table 1.
Longitudinal course of endothelial function. The mean RH-PAT index on enrollment in patients with severe malaria (1.41 [95% confidence interval {CI}, 1.33-1.47]) was significantly lower than that in patients with moderately severe malaria (1.82 [95% CI, 1.70 -2.02]) (P Ͻ .0001) (table 1). The mean RH-PAT index increased after antimalarial treatment in the severe malaria group, although 3 patients (6%) had normal baseline endothelial function that did not change significantly during the course of their illness. Seven of the 8 patients who had severe malaria with a fatal outcome died before a repeated measurement could be obtained, 5 within 24 h of enrollment and the other 2 within 48 h. The mean baseline RH-PAT index in the patients with fatal severe malaria was not significantly different from that in survivors (P ϭ .66). In the remaining 39 patients with severe malaria and impaired endothelial function on admission, there was a significant improvement in the RH-PAT index during the first 2 days of hospitalization. The mean admission RH-PAT index increased from 1.41 (95% CI, 1.33-1.47) to 1.75 (95% CI, 1.63-1.82) (P Ͻ .001) at 48 h (figure 1A), with a mean rate of improvement of 0.17/24 h (95% CI, 0.10 -0.21/h). The improvement slowed thereafter, with an increase of 0.09/24 h (95% CI, 0.06 -0.13/h) from 48 to 96 h. The proportion of patients with severe malaria with endothelial dysfunction (defined as an RH-PAT index Ͻ1.67 [9] ) fell from 94% (46/49 patients) on admission to 14% (6/42 patients) before discharge or death (P Ͻ .001). Among the 39 patients with repeated RH-PAT index measurements, the median time to achieve normal endothelial function was 49 h (interquartile range [IQR], 20 -70 h) after the start of intravenous antimalarial therapy.
In the group with moderately severe malaria, measurements were repeated ϳ24 h after the start of treatment in 40 of 48 patients, after which most patients were discharged. There were no deaths in this group. The moderately severe malaria group had a baseline mean RH-PAT index above the predefined criterion for endothelial dysfunction (RH-PAT index, Ͻ1.67), and there were no further increases during the course of hospitalization. However, in the 33% of patients with moderately severe malaria and a baseline RH-PAT index Ͻ1.67 (n ϭ 18), there was an increase during the first 24 h (mean, 0. Longitudinal correlates of endothelial function recovery in severe malaria. In a linear mixed-effects model in the severe malaria group, the improvement in RH-PAT index within 48 h was correlated with an increase in plasma L-arginine concentrations (r ϭ 0.56; P ϭ .008) and was inversely correlated with the fall in blood lactate concentrations (figure 1C) (r ϭ Ϫ0.44; P ϭ .001) and standard base deficit (r ϭ Ϫ0.31; P ϭ .01). The association with L-arginine and lactate concentrations remained significant after controlling for confounding factors. There was no association between recovery of RH-PAT index and peripheral parasitemia, temperature, pulse rate, Glasgow Coma Score, or blood pressure.
Baseline predictors of recovery of endothelial function and plasma L-arginine concentrations in severe malaria. In multiple linear regression analysis, none of the admission variables predicted the longitudinal course of RH-PAT index during the first 48 h. These included sex, ethnicity, intravenous antimalarial drug used, smoking status, weight, age, baseline plasma L-arginine concentration, parasite biomass, plasma LDH, plasma arginase, lactate, and ICAM-1 concentrations. By means of the same methodology to predict the recovery of plasma L-arginine concentrations, body weight (P ϭ .02) and baseline LDH concentrations (P ϭ .008) were found to be associated with a more rapid increase in plasma L-arginine concentrations, whereas baseline plasma arginase activity was associated with slower recovery (P ϭ .003). After adjustment for multiple testing, LDH and arginase concentrations remained significant.
DISCUSSION
Endothelial function is almost universally impaired in patients with severe malaria [9] but returns to normal in the majority of patients who survive severe malaria within ϳ48 h after the start of antimalarial therapy. In the present study, L-arginine concentrations in these patients also returned to normal in parallel with the improvement in endothelial function. These observations indicate that the endothelial dysfunction and hypoargininemia seen in severe malaria are reversible processes related to the disease process itself rather than preexisting risk factors for the development of severe disease. Our previous L-arginine infusion studies in patients with moderately severe malaria showed recovery of endothelial dysfunction after exogenous L-arginine administration [9] . The longitudinal association between recovery of plasma L-arginine concentrations and improvement in endothelial function in severe malaria suggests that endothelial function may also depend on plasma L-arginine concentrations in severe disease. These data provide evidence that the hypoargininemia and impaired NO bioavailability found in both children [10] and adults [9] with severe malaria contribute to endothelial dysfunction and may contribute to disease severity.
The mechanisms leading to endothelial dysfunction are likely to be complex and multifactorial. First, endothelial NO production depends on the intracellular movement of plasma L-arginine by cationic amino acid transporter protein (CAT)-1 [27] with a K m of 100 -150 mol/L [11] , which is within the estimated range of the K m of extracellular L-arginine for intracellular NO production (73-150 mol/L) [12, 13] . In severe malaria, mean pretreatment L-arginine concentrations are considerably lower than this range and are likely to be rate limiting for optimal NO production. This notion is supported by the increase to L-arginine concentrations approaching the lower estimates of the K m during clinical recovery in parallel with the recovery of endothelial function.
Second, in the absence of sufficient L-arginine, endothelial cell NOS types 2 and 3 generate increased amounts of superoxide instead of NO [28] . The resulting NO quenching by superoxide is also likely to contribute to endothelial dysfunction [28] . Finally, impaired endothelial NO production may result from not only an absolute reduction in plasma L-arginine concentrations but also a decrease in the plasma concentration of L-arginine relative to endogenous inhibitors of NOS (e.g., asymmetric dimethylarginine) [29] or from amino acids that compete for intracellular transport by CAT-1 (e.g., symmetric dimethylarginine) [27] .
Plasma concentrations of L-arginine, a semiessential amino acid, have been reported to be low in patients with systemic inflammatory response syndrome arising from different causes, including trauma [30] and sepsis [31, 32] . In human sepsis, this finding has been shown to result from increased catabolism and decreased production [32, 33] . In our malaria study, the baseline activity of plasma arginase was associated with a slower rise in plasma L-arginine concentrations after treatment, suggesting that arginase-mediated catabolism of L-arginine contributes .67 among all patients tested during that time interval. The dashed vertical line and bars indicate the mean and 95% CIs for a control adult population in Papua, Indonesia [9] . B, Plasma L-arginine concentration. The horizontal line indicates the lower estimate of the half-saturating concentration of extracellular L-arginine concentration for intracellular nitric oxide synthesis (73 mol/L). Percentages and ratios indicate proportions of patients with plasma L-arginine concentrations Ͼ73 mol/L among all patients tested during that time interval. The dashed line and bars indicate mean and 95% CI for a control adult population in Papua [9] . C, Blood lactate concentration. Percentages and ratios indicate proportions of patients with lactate concentrations Ͻ2 mmol/L; the horizontal line indicates the published normal upper limit of lactate concentrations.
to both baseline hypoargininemia and a slower recovery of L-arginine concentrations after the treatment of severe malaria.
In adults with sepsis, endothelial and microvascular dysfunction have been associated with increased lactic acidosis [34] and an increased risk of organ failure and mortality [35, 36] . These complications are thought to result from tissue dysoxia due to a decrease in functional capillary density with compromised oxygen delivery and impaired oxygen utilization [37] . In malaria, mechanical obstruction by cytoadherent parasites is believed to play the major role in microcirculatory compromise [4, 5, 38 ]. An animal model of malaria has demonstrated reduced functional capillary density [39] , suggesting that the vasomotor impairment demonstrated in the present study may also contribute to microcirculatory compromise [38] in severe malaria. The endothelial dysfunction found in this study is a measure of endothelial activation in other vascular beds [6] , which likely include the postcapillary venule sites of parasite sequestration. Another possible pathogenic mechanism arising from endothelial dysfunction in severe malaria includes further increases in endothelial adhesion receptor expression, parasite sequestration, microcirculatory obstruction, and compromise of tissue oxygenation. In malaria, increasing lactic acid concentrations and severity of metabolic acidosis are indicators of a poor prognosis [20] . In severe malaria, we found that the improvement in endothelial function was associated with a fall in blood lactate concentrations. This suggests that the recovery of endothelial dysfunction influences the recovery of microvascular perfusion, tissue oxygen delivery, and/or oxygen utilization in severe malaria.
Our study had some limitations. Because of the paucity of repeated examinations in patients who died, we cannot necessarily extrapolate our results to the most severely ill patients. The number of patients who returned after discharge was too small for meaningful analysis of measurements on or after day 5, although the mean values for endothelial function and plasma L-arginine concentrations were within the normal range at discharge.
The South East Asian Quinine Artesunate Malaria Trial demonstrated that case-fatality rates in severe malaria are reduced from 22% with use of quinine to 15% with use of artesunate, a more rapidly parasiticidal antimalarial drug [18] . Although this trial demonstrated an overall mortality benefit with artesunate, there was no difference in mortality between the 2 drugs during the first 48 h of therapy. Additional interventions will be required to reduce mortality rates to Ͻ15% for severe malaria, and they will need to target pathogenic mechanisms within this 48-h window. Our data showing that endothelial dysfunction has largely resolved within 48 h in most patients recovering from severe malaria supports the use of adjunctive therapies targeting endothelial dysfunction within this time frame.
Clinical trials of a limited number of adjunctive treatments have not yet demonstrated efficacy in severe malaria [40] , but none have specifically targeted the endothelium or the arginine-NO pathway. Results from the present study and our previous safety and efficacy studies of L-arginine therapy for moderately severe malaria [9, 41] provide a rationale for clinical trials of adjunctive treatments, including L-arginine, to improve endothelial NO bioavailability and endothelial function in severe malaria. Potential benefits resulting from improved endothelial NO bioavailability and the reversal of endothelial dysfunction include reduced endothelial activation and superoxide generation, improved oxygen delivery, reduced parasite sequestration and microvascular obstruction, and improved organ perfusion. An animal model of severe malaria has recently shown that increasing NO bioavailability improves survival [42] . Agents with demonstrated clinical ability to improve endothelial function in such chronic diseases as diabetes mellitus and atherosclerosis, including statins, are also available [43] , but these have not yet been evaluated in acute malaria.
In summary, recovery of endothelial function and clinically significant hypoargininemia occur in the majority of patients who survive severe malaria within ϳ48 h after the start of antimalarial chemotherapy. In severe malaria, the improvement in endothelial function is associated with clinical recovery and an increase in plasma L-arginine concentrations, with the latter likely contributing to the recovery of endothelial function. Recovery of endothelial function is also related to a decrease in blood lactate, a biomarker of improved oxygen delivery and utilization. Agents such as L-arginine that improve endothelial NO production and endothelial function may have a role as adjunctive therapy early during the course of severe malaria.
